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Abstract.  The ERM proteins-ezrin,  radixin,  and 
moesin-occur in particular cortical cytoskeletal struc- 
tures.  Several lines of evidence suggest that they inter- 
act with both cytoskeletal elements and plasma mem- 
brane components.  Here we described the properties 
of full-length and truncated radixin polypeptides ex- 
pressed in transfected cells. In stable transfectants,  ex- 
ogenous full-length radixin behaves much like endoge- 
nous ERM proteins,  localizing to the same cortical 
structures.  However, the presence of full-length radixin 
or its carboxy-terminal domain in cortical structures 
correlates with greatly diminished  staining of endoge- 
nous moesin in those structures,  suggesting that 
radixin and moesin compete for a limiting  factor re- 
quired for normal associations in the cell.  The results 
also reveal distinct roles for the amino- and carboxy- 
terminal domains.  At low levels relative to endogenous 
radixin,  the carboxy-terminal polypeptide is associated 
with most of the correct cortical targets except cleav- 
age furrows. In contrast,  the amino-terminal  polypep- 
tide is diffusely localized throughout the cell.  Low 
level expression of full-length radixin or either of the 
truncated polypeptides has no detectable effect on cell 
physiology. However, high level expression of the 
carboxy-terminal domain dramatically disrupts normal 
cytoskeletal structures and functions. At these high 
levels, the amino-terminal  polypeptide does localize to 
cortical structures,  but does not affect the cells. We 
conclude that the behavior of radixin  in cells depends 
upon activities contributed by separate domains of the 
protein,  but also requires modulating interactions be- 
tween those domains. 
M 
ANY experiments  demonstrate  that  the  cytoskel- 
eton influences the topography,  behavior,  and or- 
ganization of the plasma membrane.  However, the 
detailed molecular basis for this regulation is not clearly un- 
derstood.  A  crucial  part  of solving  this  problem  is  the 
identification  of proteins that mediate  interactions  between 
components of the plasma membrane and the cytoskeletal 
polymers.  The  highly  related  ezrin,  radixin,  and  moesin 
proteins-the  ERM t  proteins-are  good  candidates  for 
molecules that play such a role.  Each of these proteins was 
first isolated from distinct  tissues (Bretscher,  1983; Tsukita 
et al., 1989; Lankes et al., 1988). Antisera against these pro- 
teins show that they occur in cellular  domains marked by a 
close juxaposition of the plasma membrane and underlying 
cytoskeleton. Such domains include  microvilli  in cultured 
cells and intestinal epithelia (Bretscher,  1983), the marginal 
band  of nucleated  erythrocytes (Birgbauer  and  Solomon, 
1989),  filopodia and lamellipodia  in migrating  cells (Birg- 
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bauer,  1991), neuronal  growth cones (Goslin  et al.,  1989; 
Birgbauer et al.,  1991), and  cleavage  furrows  in dividing 
cells (Sato et al.,  1991). 
Molecular cloning  of the genes encoding the ERM pro- 
teins (Gould et al., 1989; Funayama et al., 1991; Lankes and 
Furthmayr,  1991) demonstrated that they share 70 % overall 
amino acid identity  and that their  amino termini  are about 
35%  identical  to the amino terminus  of band 4.1  (Conboy 
et al., 1986). The inclusion of the ERM proteins and related 
proteins,  like merlin,  which is thought  to be involved in 
neuro-fibromatosis  type II (Trofatter et al., 1993; Rouleau et 
al.,  1993), in the band 4.1 superfamily  (Rees et al.,  1990) 
is  suggestive  since some evidence indicates  that  band 4.1 
links the plasma membrane and underlying  cytoskeleton in 
human erythrocytes (Anderson  and Lovrien, 1984) and that 
its amino-terminal  domain may be important for interaction 
with the integral membrane protein glycophorin (Leto et al., 
1986). 
In addition to their cortical localization,  there is also direct 
experimental  evidence indicating involvement of ERM pro- 
teins in plasma membrane-cytoskeleton interactions.  First, 
a drug interference  experiment shows that depolymerization 
of microtubules disrupts the localization  of ERM proteins 
to cortical  structures  of growth cones (Goslin et al.,  1989; 
Gonzalez Agosti,  Ch., unpublished  observations).  Second, 
transiently  expressed  polypeptides representing  the amino- 
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face microvilli (Algrain et al., 1993). Third, a functional test 
of  ERM proteins suggests a role consistent with such bivalent 
interactions: diminution of ERM levels by application of an- 
tisense oligonucleotides affects both cell-cell and cell-sub- 
stratum adhesion (Takeuchi et al., 1994). Other studies have 
identified putative  ERM  protein  binding  partners  in  the 
plasma membrane and cytoskeleton. All three ERM proteins 
coimmunoprecipitate with the integral membrane protein 
CD44 (Tsukita et al.,  1994)  in several cell types, and the 
carboxyl-terminal domain of ezrin interacts with F-actin, but 
not G-actin in vitro (Turunen et al.,  1994). 
Although this evidence is consistent with ERM proteins 
acting  as  molecular links  between  the  cytoskeleton and 
plasma membrane, the purposes these links serve, how they 
are established and maintained, and whether ERM proteins 
are involved in processes other than physically linking these 
two organelles are outstanding questions. Their presence in 
both dynamic structures such as the protrusive lamellipodia 
and comparatively stable structures such as the marginal 
band suggests  that the interactions between ERM proteins 
and cortical binding partners are under tight spatial and tem- 
poral control. For instance, Bretscher (1989) noted that ezrin 
was  rapidly  phosphorylated  and  recruited  to  membrane 
ruffles in epidermal growth factor-stimulated A431  cells, 
but the mechanisms that regulate this sort of ERM protein 
behavior are still unknown. 
It has been suggested that different ERM proteins might 
occupy structurally or functionally distinct subceUular  do- 
mains (Sato et al., 1992). However, other studies, including 
the present one, indicate that ERM proteins localize to iden- 
tical subcellular domains (Franck et al., 1993; Winckler et 
al.,  1994).  That  such highly similar proteins occupy the 
same subcellular locales raises the possibility that these pro- 
teins may have at least partially overlapping functions. In- 
deed, in the antisense inhibition experiment mentioned, the 
cell adhesion phenotypes are manifest only when levels of 
all three ERM proteins are reduced in concert;  although 
there is also some evidence in this study that the roles for 
the ERM proteins may not be entirely similar (Takeuchi  et 
al.,  1994). 
With these issues in mind, we describe an analysis of ex- 
ogenously expressed radixin polypeptides in cultured cells. 
The results demonstrate that exogenous radixin can behave 
like endogenous ERM proteins, localizing to the same corti- 
cal structures. We also show evidence suggesting that radixin 
and moesin share an important common binding partner and 
that  these  proteins  may  be  functionally interchangeable. 
These  properties  of the  full-length radixin  molecule are 
mimicked by low levels of the carboxy-terminal domain of 
the protein, but not the amino-terminal domain. At higher 
levels,  the carboxy-terminal domain in the absence of the 
amino-terminal domain profoundly alters cell morphology 
and  division-phenotypes  that  may  reflect  functions  for 
ERM proteins.  Our  results demonstrate the activities as- 
sociated with distinct domains of radixin as well as crucial 
interactions between those domains. 
Materials and Methods 
Cell Culture 
NIH-3T3  cells were maintained in DME supplemented  with 10% bovine 
calf serum (HyClone, Logan, UT). HtTA-I cells (a HeLa cell line derivative 
stably expressing the tetracycline-repressible  transactivating  element [Gos- 
sen and Bujard,  1992]) were obtained with permission from Dr. Hermann 
Bujard (University of Heidelberg; Heidelberg,  FRG) from the laboratory 
of Dr. Hans-Martin Jack (Loyola University; Chicago,  IL). Isolation and 
characterization of HtTA-I cells has been described by Damke et al. (1995). 
HtTA-1 cells were maintained in DME supplemented with 10% FBS (Hy- 
Clone) and 400 ~tg/ml G-418 sulfate (Geneticin; GIBCO BRL, Gaithers- 
burg,  MD).  All cells were  incubated at 37°C  under 5%  CO2 in a  hu- 
midified chamber and routinely subcultured. 
DNA Constructs and Transfection 
We imroduced  the influenza hemagglutinin (HA) epitope tag (YPYDVP- 
DYA; Field et al., 1988) onto the amino and carboxyl termini of both full- 
length and truncated forms of the murine radixin coding sequence in the 
following manner.  First,  we synthesized two double-stranded oligonucleo- 
tides containing the following features  in a 5' to 3' orientation and in the 
same translational reading frame: oligonucleotide  1 comprises an initiation 
codon (which is part of a 5' NcoI site in both oligonucleotides  I and 2), fol- 
lowed by the nucleic acid sequence  encoding the HA epitope,  the 6-base 
XhoI cloning site, and finally, a stop codon; oligonncleotide  2 comprises 
an initiation codon, followed by the 6-base XhoI cloning site, the nucleic 
acid sequence  encoding  the HA epitope,  and finally, a stop codon. Also, 
to maintain the proper reading frame in these oligonncleotide  sequences 
with respect to the initiation  codon, a codon for alanine was inserted at what 
becomes residue 2 in the translated protein. All oligonncleotides  used in 
this study were synthesized in the MIT Biopolymers Facility (Cambridge, 
MA). Using T4 DNA ligase, we inserted each of these oligonucleotides  into 
the NcoI/BamHI-digested  pMFG retroviral  vector (Dranoff et al.,  1993) 
obtained from Dr.  Richard Mulligan (MIT). The resulting plasmids were 
named pMFG-HAN (derived from oligonucleotide  1) and pMFG-HAC (de- 
rived from oligonucleotide  2).  All enzymes used for recombinant DNA 
work were obtained from New England Biolabs Inc.  (Beverly, MA) and 
were used according to the manufacturer's specifications. Next, we prepared 
murine radixin coding sequences for insertion into pMFG-HAN and pMFG- 
HAC by PCR-mediated  amplification  (GeneAmp PCR Kit; Perkin-Elmer 
Corp., Branchburg, NJ), with a Perkin-Elmer DNA thermal cycler, from 
the pR2ESS plasmid containing a eDNA clone of murlne radixin (obtained 
from Dr.  Akira Nagafuchi;  National  Institute for Physiological  Sciences; 
Okazaki, Japan [Funayama et al., 1991]). The following oligonucleotide pri- 
mer pairs were used to direct the synthesis  of full-length  and truncated 
forms of radixin while simultaneously  adding XhoI cloning sites in frame 
with and directly apposed to the 5' and 3' ends of the radixin coding sequence: 
full length (residues  2-583), primer 1-5'-CCGCTCGAGCCGAAGCCA- 
ATCAATGTAAG and primer 2-5'-CCGCTCGAGCATGC_K2TTCCAACT- 
CATCG; amino terminus (residues 2-318), primers 1 and 3-5'-CCGCTC- 
GAGCTC~TTCTGA~AACC;  carboxyl  terminus  (residues  319- 
583),  primer 2  and 4-5'-CGC~TCGAGCTAGAAA~CAATTAG. 
After treatment with T4 polynncleotide  kinase, the resulting PCR products 
were ligated into the EcoRI site of pUC19 made blunt by treatment with 
Klenow enzyme and dephosphorylated by tw,  atmeat with calf intgstinai phos- 
phatase.  The resulting  plasmids,  pUC-RAD (full  length), pUC-RADN 
(amino terminus), and pUC-RADC  (carboxyl  terminus), were cut with 
XhoI, and the radixin inserts were separated  from the pUC vector on an 
agarose  gel and purified  with a Qiaex gel extraction kit (Qiagen,  Chats- 
worth, CA). These three radixin fragments with XhoI sites on their 5' and 
3' ends were inserted into the unique XhoI site adjoining the HA epitope 
sequence in pMFG-HAN and pMFG-HAC, and those ligants containing in- 
serts in the proper orientation were identified by diagnostic  restriction en- 
zyme digests.  Note,  owing to the extra sequence added by the XhoI site, 
insertion of the radixin fragments  into pMFG-HAN and pMFG-HAC re- 
sulted  in the addition of a leacine and a glutamate residue  immediately 
flanking both the amino and carboxyl termini of the radixin coding sequence. 
The resulting six plasmids, representing the full-length and amino- and car- 
boxy-terminal portions of murine radixin bearing the HA epitope tag at ei- 
ther their amino or carboxyl termini, were designated pMFGoHAN-RAD, 
pMFG-HAN-RADN,  pMFG-HAN-RADC,  pMFG-HAC-RAD,  pMFG- 
HAC-RADN,  and pMFG-HAC-RADC  (the names of these plasmids cor- 
respond to the constructs shown in Fig. 2 A). The integrity of the junctions 
between the radixin coding sequence and the flanking sequence containing 
the HA epitope was confirmed by DNA sequencing (Sequenase Version 2.0 
DNA Sequencing Kit; United States Biochemical  Corp., Cleveland, OH). 
For expression of the HA-radixin constructs in HtTA-1 cells, we digested 
pMFG-HAN-RAD,  pMFG-HAN-RADN,  pMFG-HAN-RADC,  pMFG- 
HAC-RAD, pMFG-HAC-RADN, and pMFG-HAC-RADC separately  with 
NcoI, treated the linearized plasmids with Kienow enzyme to blunt the NcoI 
ends,  digested  with BamHI, and isolated  those fragments containing the 
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agarose gel. These fragments were ligated into the multiple cloning site of 
the tetracycline-regulatahle  expression plasmid pUHD  10-3 (kindly  pro- 
vided by Dr. Hermann Bujard), which we prepared by digestion with EcoRI, 
treatment of the linearized plasmid with Klenow enzyme to blunt the EcoRI 
ends, digestion  with BamHI, and purification on an agarose gel. Insertion 
of HA-radixin constructs into pUHD 10-3 was confirmed by diagnostic re- 
striction enzyme digests. The resulting plasmids were named pUHD-HAN- 
RAD,  pUHD-HAN-RADN,  pUHD-HAN-RADC,  pUHD-HAC-RAD, 
pUHD-HAC-RADN, and pUHD-HAC-RADC.  The polypeptides  encoded 
by these plasmids are identical to those expressed  from the pMFG-derived 
plasmids. 
Both stable and transient transfection protocols were modifications of the 
calcium phosphate transfection protocol of Graham and van der Eb (1973). 
Plasmid DNAs were prepared from Qiagen columns. For stable transfection 
of NIH-3T3 cells, pMFG-HAN-RAD, pMFG-HAN-RADN, pMFG-HAN- 
RADC, pMFG-HAC-RAD,  pMFG-HAC-RADN, and pMFG-HAC-RADC 
were cotransfected with pSV2-neo (Southern and Berg, 1982) at a 10:1 mo- 
lar ratio, respectively. Stably transfected NIH-3T3 cells were selected in the 
presence of 600 #g/ml G-418 sulfate. The resultant colonies were picked, 
expanded  in the continuous presence of the selecting agent, and stored in 
liquid nitrogen. Cell lines derived in this manner were periodically passaged 
through medium containing 600 #g/ml G-418  sulfate.  HtTA-1 cells were 
transfected  as described by Damke et al. (1995). 
Antibodies 
Polyclonal antibodies 464,457, and 454 raised against unique peptides from 
murine ezrin, radixin, and moesin, respectively, have been described previ- 
ously (Winckler et al.,  1994). They were affinity purified as described by 
Winclder et al. (1994) except that anti-radixin antibody 457 was affinity 
eluted from the radixin-immunoreactive  band of chicken erythrocytes,  mAb 
12CA5 (Niman et al.,  1983) was obtained from Berkeley  Antibody Co. 
(Richmond, CA). 
Protein Extracts and lmmunoblotting 
We prepared whole-cell extracts from cultured cells by first lysing the sub- 
confluent monolayers in PBS containing 2 % SDS and a protease inhibitor 
cocktail consisting of 0.04 U/ml aprotinin, 1 #g/ml PMSE 1 t~g/ml leupep- 
tin, and 1 #g/ml pepstatin (Sigma Chemical Co., St. Louis,  MO). An ali- 
quot of this lysate was reserved  for determination of protein concentration 
by the method of Lowry et al. (1951) using a detergent-compatible  analysis 
system from Bio Pad Laboratories (Melville, NY). To the remaining lysate, 
we added Laemmli sample buffer (Laemmli, 1970) and boiled this mixture 
for 5 rain. 
For immunoblotting,  we separated protein samples on a 7.5 % polyacryl- 
amide gel with a 5% stacker according to the method of Laemmli (1970). 
Proteins were electrophoretically  transferred to 0.2-/~m nitrocellulose filters 
(Schleicher & Schuell, Inc., Keene, NH) essentially as described by Tobin 
et al. (1979).  Transfer  of protein to filter and equivalency  of loads  were 
confirmed by staining with 0.2%  Fonceau S (Sigma Chemical Co.) in 3% 
TCA.  FOr blotting with antibodies 464, 457, and 454, the nitrocellulose 
filters were first blocked with 5% BSA (Sigma Chemical Co.) in TBS sup- 
plemented with 0.1% Tween-20 and 0.05% sodium azide for 2 h. Next, the 
affinity-purified antibodies were diluted 1:100 into blocking buffer and in- 
cubated overnight at room temperature, washed  extensively  in TBS sup- 
plemented with 0.1% Tween-20, incubated for 1 h in blocking buffer con- 
taining a 1:1,000 dilution of 1251-labeled  protein A (DuFont NEN, Boston, 
MA), and washed in TBS supplemented  with 0.1% Tween-20  again.  For 
blotting with mAb 12CA5, the nitrocellulose  filters were first blocked with 
5 % nonfat dry milk (Nestle Food Co., Glendale, CA) in TBS supplemented 
with 0.1% Tween-20 and 0.05 % sodium azide overnight.  Next, mAb 12CA5 
was diluted 1:1,000 into blocking buffer and incubated for 1 h at room tem- 
perature, washed extensively in TBS supplemented with 0.1% Tween-20, in- 
cubated for 1 h in blocking buffer containing a 1:10,000 dilution of horserad- 
ish  paroxidase-conjugated  sheep  anti-mouse  IgG  F(ab')2  (Amersham 
Corp., Arlington Heights, IL), and washed in TBS supplemented with 0.1% 
Tween-20 again.  125I signal was detected autoradiographically on DuFOnt- 
NEN  Reflection  Film at  -70°C  using a  DuPont Reflection  intensifying 
screen and quantified using a PhosphorImagor (Molecular Dynamics, Inc., 
Sunnyvale, CA). Horseradish peroxidase  signal was detected by enhanced 
chemiluminescence with the Lumiglo reagent kit (Kirkegaard  and Perry 
Laboratories, Gaithersburg, MD) on DuPont- NEN Reflection Film at room 
temperature. 
Indirect Immunofluorescence Microscopy 
Cells grown on glass coverslips  were fixed for 30 rain in PBS containing 
4% paraformaldehyde,  permeabilized for 10 rain in PBS containing 0.5% 
NP-40, and washed three times in PBS. For immunostaining, fixed, perme- 
abilized cells were first blocked in PBS containing 10% normal goat serum 
(Vector Laboratories, Inc., Burlingame, CA). The cells were then incubated 
with the appropriate primary antibody diluted in PBS containing 1% BSA 
for 30 min at 37"C, washed three times in PBS, incubated with the appropri- 
ate  secondary  antibody-FITC-conjngated goat  anti-rabbit IgG  F(alf)2 
(Tago, Burlingame,  CA) for antibodies 464, 457, and 464 and rhodamine- 
or  FITC-conjngated  goat  anti-mouse  IgG  F(ab')2  (Organon  Teknika, 
Durham, NC) for mAb 12CA5-diluted in PBS containing 1% BSA for 30 
min at 37°C, and washed three times in PBS. In some experiments,  during 
secondary  antibody  incubation,  cells  were  stained  with  rhodamine- 
conjugated  phalloidin (Molecular Probes Inc., Eugene,  OR) and/or 4,6- 
diamidino-2-pbenylindole  (DAPI;  Sigma Chemical Co.) to reveal F-actin 
and DNA,  respectively.  The coverslips  were  mounted onto glass slides 
using Gelvatol mounting medium containing the anti-fade agent 1,4-diaza- 
bicyclo[2,2,2] octane at 15 mg/ml (Aldrich Chemical Co., Milwaukee, WI). 
Ceils were examined by conventional microscopy on an Axioplan micro- 
scope (Carl Zeiss Inc., Thornwood,  NY) using 63x  1.4 N.A. and 100x 
1.3 N.A. objectives. Images were recorded on Tri-X-Pan 400 film (Eastman 
Kodak Co., Rochester, NY). For confocal microscopy, cells were examined 
with an MRC 600 scanning laser confocal microscope (Bio Red Laborato- 
ties).  FITC-labeled  second antibody and rhodamine-labeled phalloidin 
were detected with a yellow high sensitivity filter and blue high sensitivity 
filter, respectively.  Images taken from a video monitor were recorded on 
Plus-X-Pan  125 film (Eastman Kodak Co.). 
Results 
Expression and Localization of  ERM Proteins 
in NIH-3T3 Cells 
We previously showed that NIH-3T3 cells express each of the 
ERM proteins (WincHer et al.,  1994). Antisera generated 
against unique pepfides from the predicted sequence of ezrin 
(antibody 464),  radixin  (antibody 457), and moesin (anti- 
body 454) each recognized a distinct band in extracts of NIH- 
3T3 cells.  By immunofluorescence,  the antibodies against 
radixin and moesin brightly stained cortical structures such 
as microvilli and filopodia as well as the cleavage furrows of 
dividing  cells (Fig.  1, B-H).  The antibodies also  stained 
lamellipodia and ruffling edges, although less intensely (data 
not shown).  These localizations  are consistent with those 
reported in other cell types (Bretscher,  1983; Franck ct al., 
1993; Sato et al.,  1992). Anti-ezrin antiserum did not give 
detectable staining in these cells (Fig.  1 A). This result may 
represent different localization or lower levels of ezrin, but 
it is not a property of the anti-ezrin antiserum, which gives 
definitive  staining  in  another  cell  type  (WincHer  et  al., 
1994). Thus, NIH-3T3 cells express each of the ERM pro- 
teins, and two of them -  radixin and moesin- localize in pat- 
terns indistinguishable  from one another. 
Stable Expression of  Epitope-tagged Forms of  Radixin 
in NIH-3T3 Cell Lines 
We generated constructs encoding the full-length protein and 
its amino- and carboxy-terminal portions,  fused to the HA 
epitope.  The  division  into  amino-  and  carboxy-terminal 
polypepfides occurs at codon 318,  so the amino-terminal 
polypeptide contains all of the sequence homologous to band 
4.1. The inclusion of the epitope tag allowed us to distinguish 
immunologically the exogenous from the endogenous gene 
products. Versions of the constructs bearing the HA epitope 
sequence at either their  amino  or carboxyl terminus  (see 
Henry et al. Interdependent Functional Domains of Radixin  1009 Figure 1.  Localization of endogenous ERM proteins in NIH-3T3 cells. NIH-3T3 cells were processed for indirect immunofluorescence 
with anti-ezrin antibody 464 (A), anti-radixin antibody 457 (B-D), and anti-moesin antibody 454 (E-H) as described in Materials and 
Methods. Anti-radixin and anti-moesin specifically label cortical structures such as filopodia (arrows in B and E), microvilli (arrow in 
F), and cleavage furrows (C and G). Phase contrast images of dividing cells in C and G are shown in D and H, respectively. Anti-ezrin 
is not detectable in any discrete structure (A). Bar, 20 #m. 
Materials and Methods) allowed us to control for effects of 
the extra sequence on the conformation or function of the 
proteins.  Fig.  2 A shows  a  schematic diagram of the con- 
structs. 
To generate stable NIH-3T3 lines  expressing these pro- 
teins, we cotransfected the pMFG retroviral vector, contain- 
ing each of the radixin  constructs,  and pSV2-neo and se- 
lected  for resistance  to  G-418  sulfate  (see  Materials  and 
Methods). We recovered tens to hundreds of drug-resistant 
colonies for each of the constructs in each of two indepen- 
dent transfections.  We picked 5-10 drug-resistant colonies 
for each construct from each transfection,  expanded,  and 
screened for expression of HA-radixin constructs by immu- 
noblotting with mAb 12CA5.  As expected,  the expression 
levels varied somewhat among lines derived from each of the 
constructs-as  much  as  10-fold-as  assessed  by  Western 
blots.  Fig. 2 B shows such blots on extracts from lines  ex- 
pressing relatively high levels of each of the six HA-radixin 
The Journal  of  Cell  Biology,  Volume 129,  1995  1010 constructs. The apparent sizes of both the full-length and the 
truncated epitope-tagged constructs were as expected con- 
sidering the addition of the HA sequence. Previous reports 
documented the anomalously high apparent molecular mass 
of  both  full-length  ezrin  (Gould  et  al.,  1989)  and  the 
carboxy-terminal domain of ezrin (Algrain et al.,  1993)  on 
SDS-PAGE  compared with  that  calculated  from the pre- 
dicted amino acid sequence. Like ezrin, the apparent molec- 
ular masses of the HA-tagged forms of both the full-length 
and the carboxy-terminal polypeptides of radixin are higher 
(81 and 46 kD, respectively) than their calculated molecular 
masses (69 and 35 kD, respectively). 
Figure 2. Stable expression of HA-radixin constructs in NIH-3T3 
cells.  (A)  Diagram  of  HA-radixin  constructs.  We  added  the 
influenze HA epitope  (~)  to the  amino  (HAN) and carboxyl 
(HAC) termini  of the  coding  sequence  of full-length  murine 
radixin, amino acids 1-583 (RAD); the amino terminus (Q), amino 
acids 1-318 corresponding to the band 4.1 homology (RADN); and 
the carboxyl terminus (~), amino acids 319-583  containing the 
putative F-actin binding domain (RADC), as described in Materials 
and Methods. (B) Western blot analysis of  lysates taken from stably 
transfected NIH-3T3 cell lines. 20 #g of total protein taken from 
lines stably expressing HA-radixin constructs was analyzed by im- 
munoblotting with rnAb 12CA5  directed to the HA epitope as de- 
scribed in Materials and Methods. Lane 1,  HAC-RAD; lane 2, 
HAN-RAD;  lane 3, HAN-RADN;  lane 4, HAC-RADN; lane 5, 
HAN-RADC; lane 6, HAC-RADC; lane 7, untransfected NIH-3T3. 
The film used for lanes 3-7was exposed 20-fold longer than the film 
for lanes 1 and 2. Positions of the full-length (FL), amino-terminal 
(N), and carboxy-terminal (C) polypeptides are indicated to the 
right of  the blot. Several species dependent on mAb 12CA5, but un- 
related to the HA-radixin polypeptides, appeared at the longer ex- 
posure time used for lanes 3-7. These species are also detectable 
in lysates from untransfected NIH-3T3 cells (lane 7). Despite this 
background immunoreactivity detected by Western blotting, immu- 
nostaining untransfected NIH-3T3 cells with mAb 12CA5 gave a 
low background and no discrete structures were stained (see Fig. 
3 H). Positions of molecular weight standards are indicated to the 
left of the blot. 
The  levels  of  expression  of  the  two  full-length  con- 
structs-HAC-RAD  and  HAN-RAD,  tagged  at  their car- 
boxy- and amino-termini, respectively (Fig. 2 B, lanes I and 
2)-are comparable to one another. In contrast, the levels of 
the truncated constructs were significantly lower than those 
of the full-length constructs; for comparison, the region of 
the autoradiograph depicted in Fig. 2 B, lanes 3-7, was ex- 
posed 20 times longer than were lanes  1  and 2.  At these 
longer exposures, bands recognized by mAb 12CA5 but not 
dependent upon transfection become apparent (Fig. 2 B, lane 
7).  Since  the  epitope-tagged  full-length  radixin  protein 
specified by the transfected sequence migrates slightly more 
slowly in SDS-PAGE than does the endogenous radixin mol- 
ecule, we could compare their relative steady-state levels in 
these stable lines by blotting with antibody 457  and mea- 
suring  the  signal  by  Phosphorlmager.  By  this  assay,  the 
steady-state level of the full-length tagged proteins was ap- 
proximately fourfold higher than that of endogenous radixin 
(data not shown). Because expression levels of the truncated 
HA-radixin  constructs  were  much  lower  (>20-fold)  than 
those of the full-length HA-radixin constructs, we estimate 
that the expression levels of the truncated HA-radixin poly- 
peptides are at least fivefold lower than the level of endoge- 
nous radixin. 
In  general,  the  cells  expressing  HA-radixin  constructs 
were indistinguishable from the parental line with respect to 
cell morphology and growth rate (see Figs. 3 and 4). The one 
exception is  that cultures expressing the carboxy-terminal 
polypeptides contained multinucleated cells at a  relatively 
high frequency. The frequency did vary, however, among the 
individual lines and in any case occurred more robustly in 
cells  expressing high  levels of the  carboxy-terminal con- 
structs (see below). 
SubceUular Localization of HA-Radixin Polypeptides 
in NIH-3T3 Cell Lines 
We examined the localization of each of the six HA-radixin 
polypeptides by immunofluorescence microscopy. The HAC- 
RAD protein (the full-length molecule tagged on its carboxyl 
terminus) was in the same cellular domains as endogenous 
radixin shown in Fig.  1:  in cortical structures such as cell 
surface microvilli, filopodia, and cleavage furrows and, less 
intensely, in ruffling edges and lamellipodia (Fig.  3, A-D). 
However, the same full-length radixin polypeptide with the 
epitope tag at its amino terminus (HAN-RAD) displayed no 
distinct localization and instead was present diffusely in the 
cytoplasm (Fig. 3, E-G). In particular, the HAN-RAD pro- 
tein  was  not  concentrated  at  the  cell  cortex.  Neither  of 
the amino-terminal polypeptides, HAN-RADN and HAC- 
RADN,  localized  to  discrete  structures  and,  like  HAN- 
RAD, appeared to be diffuse throughout the cytoplasm (Fig. 
4, A-C). Both of the carboxy-terminal polypeptides, HAN- 
RADC and HAC-RADC, showed localization patterns that 
were similar, but not identical, to that of HAC-RAD.  Like 
the  full-length protein,  the carboxy-terminal polypeptides 
were  present  in  cortical  structures.  Although,  compared 
with either HAC-RAD  or endogenous radixin,  they were 
more enriched in ruffling edges and lamellipodia (Fig. 4 F). 
In  two  ways,  however,  the  localization  of  the  carboxy- 
terminal polypeptides differed strikingly from that of HAC- 
RAD. First, in some cells, these polypeptides coaligned with 
linear, phalloidin-positive structures near the ventral surface 
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sent stress fibers. This result is consistent with the localiza- 
tion of the carboxy-terminal polypeptide of ezrin in transient 
transfection experiments (Algrain et al.,  1993). Second, we 
could not detect HAN-RADC or HAC-RADC in cleavage 
furrows (compare Fig. 4, D  and E, with Fig.  3,  C and D). 
These localization characteristics described for each poly- 
peptide were the same in all independently isolated lines ex- 
amined.  We  also  stably  expressed  these  constructs  in  a 
different cell line,  P19  embryonal carcinoma cells,  and in 
these  cells the  localization  properties of the  polypeptides 
were the  same as  in  NIH-3T3 cells  (Henry,  M.,  and  N. 
Torres, unpublished observations). 
Displacement of  Endogenous Moesin by 
Epitope-tagged Radixin Polypeptides 
Taking advantage of the fact that the endogenous moesin and 
the products of the transfected genes were distinguishable by 
Figure  3. Localization of  fuU-length HA-radixin polypeptides in NIH-3T3 cell lines. NIH-3T3 cell lines stably expressing HAC-RAD (A-D) 
or HAN-RAD (E-G) and untransfected NIH-3T3 cells (H) were processed for indirect immunofluorescence with mAb 12CA5 as indicated 
in Materials and Methods. A and B are, respectively, ventral and dorsal focal planes of the same cell. HAC-RAD is localized to cortical 
structures including filopodia (small arrow  in A), ruffling edges (/arge arrow  in A), microvilli (arrow  in B), and cleavage furrows (C). 
HAN-RAD does not localize to discrete structures in either nondividing (E) or dividing (F) cells. D and G are phase contrast  images 
of dividing cells shown in C and E  No specific staining is detectable  in untransfected cells (H). Bar, 20 ~m. 
The Journal of Cell Biology, Volume 129, 1995  1012 Figure 4.  Localization of truncated HA-radixin polypeptides in NIH-3T3 cell lines.  NIH-3T3 cell lines  stably expressing  HAN-RADN 
(A-C) or HAC-RADC (D-H) were processed for indirect  immunofluorescence  with mAb 12CA5 and phalloidin  as indicated  in Materials 
and Methods. HAN-RADN does not localize to discrete structures  in either nondividing  (A) or dividing (B) cells. F and G are, respectively, 
dorsal and ventral focal planes of the same cell.  Results similar to those shown for HAN-RADN were obtained for lines expressing  HAC- 
RADN (data not shown). HAC-RADC is localized to cortical structures  including microvilli (small arrow in F), ruffling edges (/arge arrow 
in F), and filopodia  (small arrow in G). Staining  in ruffling edges is much more intense in lines expressing  carboxy-terminal constructs. 
HAC-RADC also associates with linear elements in the ventral cytoplasm (/arge arrow in G) that coalign with F-actin-containing microfila- 
ments revealed by phalloidin  staining  (/arge arrow in H). HAC-RADC does not localize to cleavage furrows  in dividing cells  (D).  H is 
the rhodamine channel showing phalloidin  staining  in the same focal plane as G.  C and E are the phase contrast images of the dividing 
cells shown in B and D. Results similar to those shown for HAC-RADC were obtained for lines expressing HAN-RADC (data not shown). 
Bar, 20 #m. 
their reactivity with different antibodies, we performed dou- 
ble label immunofluorescence on the stably transfected cell 
lines.  The results  demonstrate that those radixin  polypep- 
tides that did localize affect the behavior of  endogenous moe- 
sin.  As  shown in  Fig.  5,  cells  expressing  HAC-RAD and 
HAC-RADC, both of which showed typical ERM localiza- 
tion, exhibited a substantial diminution of anti-moesin stain- 
ing in microvilli and filopodia (Fig.  5, A, B,  G, and H).  A 
Henry et al. Interdependent Functional Domains of Radixin  1013 Figure 5.  Displacement of endogenous moesin from cortical structures  by HA-radixin polypeptides in NIH-3T3 cells.  Lines expressing 
HA-radixin constructs were processed for indirect  immunofluorescence  double labeled  with anti-moesin antibody 454 (,4, C, E, and G) 
and anti-HA mAb 12CA5 (B, D, F, and H). Anti-moesin staining is dramatically reduced in cortical structures in cells expressing HAC-RAD 
(.4 and B) and HAC-RADC (G and H). Moesin localization  in cortical  structures  was normal in cells expressing  HAN-RAD (C and D) 
and HAN-RADN (E and F). Bar,  30/~m. similar but less dramatic reduction was observed in cells ex- 
pressing HAN-RADC (data not shown). Moesin localization 
in  HAN-RAD,  HAN-RADN,  and  HAC-RADN  lines  was 
quantitatively indistinguishable  from that  in untransfected 
cells (Fig. 5, C-F). In addition, moesin localization in cleav- 
age furrows was also diminished in cells expressing the full- 
length polypeptide HAC-RAD.  However, cells expressing 
HAN-RADC  or  HAC-RADC,  which  themselves  did  not 
localize to cleavage furrows, showed normal moesin staining 
in that structure (data not shown). 
These apparent qualitative differences among the different 
transfected constructs were not due to a quantitative differ- 
ence in moesin levels in those lines. Western blotting with 
antibody 454  demonstrated  that all lines expressing  HA- 
radixin  constructs maintained  similar  amounts  of moesin 
and  showed no evidence of its down-regulation  (data  not 
shown). 
Consequences of Transient Expression of  HA-Radixin 
Constructs in HeLa Cells 
Some of the results we reported for the amino- and carboxy- 
terminal domains of radixin in stably transfected NIH-3T3 
cells differ from those reported for the corresponding do- 
mains of ezrin in transiently transfected CV-1 cells (Algrain 
et al., 1993). These differences might arise from differences 
in expression levels of the radixin and ezrin polypeptides in 
the two experiments. We noted that there were some indica- 
tions that stable expression of high levels of amino- and/or 
carboxy-terminal polypeptides might not be tolerated by the 
cells. First, the highest expression level of  each of  these poly- 
peptides in stable lines was significantly less than 20% that 
of the full-length proteins. Second, as has been noted, we de- 
tected an abnormally high incidence of multinucleated cells 
in HAN-RADC  and HAC-RADC cultures.  For these rea- 
sons, we examined the effects of high level, transient expres- 
sion of full-length and truncated forms of radixin. 
We placed the various HA-radixin constructs under the 
control of  the tetracycline-repressible  promoter developed by 
H. Bujard and co-workers (Gossen and Bujard,  1992)  and 
transfected them into HtTA-1 cells, a HeLa cell line deriv- 
ative  stably  expressing  the  essential  tetracycline-sensitive 
transactivator element (see Materials and Methods). HtTA-1 
cells, like NIH-3T3 cells, expressed all three ERM proteins. 
Only radixin and moesin were detected in cortical structures 
in nondividing cells, but all three proteins were detectable 
in cleavage furrows (data not shown). 
We evaluated the expression of the exogenous genes 48 h 
after transfection. Western blot analysis showed that the HA- 
radixin constructs were expressed at approximately equal 
levels (Fig.  6).  This result suggests that the lower steady- 
state  expression levels of the  truncated  HA-radixin  con- 
structs, relative to the full-length versions, that we observed 
in stably transfected NIH-3T3 cells are not due to inherent 
instability of the truncated polypeptides. The transient ex- 
pression level of HA-radixin constructs was ~20-fold higher 
than the level of endogenous radixin in HtTA-1 cells, as as- 
sessed by Western blotting and Phosphorlmager analysis of 
extracts from transfected cultures with antibody 457 (data 
not shown).  Because only  10-40%  of cells in these tran- 
siently transfected cultures expressed the HA-radixin con- 
structs, the relative expression levels in these cells must be 
even higher. 
By immunofluorescence, HAC-RAD localized to cortical 
structures, as did endogenous radixin (Fig. 7, A-C). HAN- 
RAD was diffuse in the cytoplasm, even in brightly staining 
cells (Fig.  7, D--F).  Thus, the results in transiently trans- 
fected HtTA cells expressing these full-length constructs are 
consistent with those obtained from the stable transfectants 
of NIH-3T3 cells expressing much lower levels of the full- 
length  constructs.  However,  in  contrast  to  the  results  in 
the stable transfectants,  both amino-terminal polypeptides 
(HAN-RADN and HAC-RADN) were concentrated in corti- 
cal structures (Fig. 7, G-l). Transient, high level expression 
of either the full-length or amino-terminal HA-radixin con- 
structs did not result in any gross morphological alterations. 
There were, however, striking consequences of expressing 
either of the carboxy-terminal polypeptides at high levels. 
Many cells exhibited multiple long, tapered processes cover- 
ing the dorsal surface of the cells that were clearly distin- 
guishable by phase contrast microscopy. Other extensions 
that made contact with the substratum, like filopodia, were 
much larger than similar structures in normal cells (Fig. 7, 
J-L). The confocal micrographs shown in Fig. 8 better illus- 
trate the three-dimensional nature of these processes.  The 
processes stained intensely with both mAb 12CA5 and phal- 
loidin, suggesting that they contain F-actin (Fig. 8, A-F, left 
in each). On the contrary, microtubules were not enriched 
in these processes, and we only occasionally observed them 
in the wide bases of the processes proximal to the cell soma. 
In  fact,  the  microtubule arrays in  cells expressing HAN- 
RADC and HAC-RADC appeared similar to that in cells ex- 
pressing other HA-radixin constructs and in nonexpressing 
cells (data not shown). In the same population, cells exhibit- 
ing weaker immunoreactivity with mAb 12CA5  showed ei- 
ther modest versions of the processes or none at all.  We 
never observed  these  processes  in  mAb  12CA5-negative 
cells or in cells expressing the full-length or amino-terminal 
HA-radixin constructs. 
Figure 6. Transient expression of HA-radixin constructs in HtTA-1 
cells. Lysates were harvested from HtTA-1 cells 48 h after transfec- 
tion with HA-radixin constructs, At this time, 10--40% of the cells 
expressed mAb 12CA5 immunoreactivity as judged by indirect im- 
munofluorescence microscopy. 20 #g of total protein was examined 
by Western blot analysis with mAb 12CA5. Lane 1, HAN-RAD; 
lane 2,  HAC-RAD; lane 3, HAN-RADN; lane 4, HAN-RADC; 
lane 5, untransfected HtTA-1 cells. Positions of the full-length (FL), 
amino-terminal (N), and carboxy-terminal (C) polypeptides are in- 
dicated to the right of the blot. The species migrating just above 
the full-length protein is unrelated to expression of HA-radixin 
constructs and is present in untransfected HtTA-1  cells (lane 5). Po- 
sitions of molecular mass standards are indicated to the left of the 
blot. 
Henry et al. Interdependent Functional Domains of Radixin  1015 The Journal  of  Cell  Biology, Volume  129, 1995  1016 Figure 8.  Optical sectioning of HtTA-1 cells transiently expressing HAN-RADC. HtTA-1 cells expressing HAN-RADC were fixed 48 h 
after transfection and processed for indirect immunofluorescence by double labeling with mAb 12CA5 and phalloidin. Cells were examined 
by confocal microscopy as described in Materials and Methods. Each panel A-F shows the phalloidin channel on the left side and m_Ab 
12CA5 channel on the fight side. A is a compilation of all focal planes taken in the z dimension. B-F are single focal planes taken in 
1 ttm steps in a dorsal to ventral direction. Processes emanating from the entire dorsal surface of the cell are long, tapered, and filled 
with F-actin. Bar,  10/zm. 
Figure 7. Localization of HA-radixin polypeptides in transiently transfected HtTA-1 cells. HtTA-1 cells transfected with HAC-RAD (A-C), 
HAN-RAD (D-F),  HAN-RADN  (G- I),  and  HAC-RADC (J-L)  were  fixed 48  h  after transfection and  examined by indirect im- 
munofluorescence microscopy with mAb 12CA5 as described in Materials and Methods. mAb 12CA5 immunoreactivity is shown for the 
same cell in dorsal (A, D, G, and J) and ventral (B, E, H, and K) focal planes and in phase contrast (C, F,, L and L). HAC-RAD localizes 
to microvilli (arrow in A) and to filopodia (arrow in B).  HAN-RAD does not localize to discrete structures (D and E).  HAN-RADN 
localizes to dorsal microwilli (arrow in G) and to filopodia in contact with the substratum (arrow in H). Results similar to those shown 
for cells transfected with HAN-RADN were obtained for cells transfected with HAC-RADN (data not shown). Expression of HAC-RADC 
induces the presence of long, tapered processes that can be seen in dorsal focal planes (arrow in J) and in contact with the substratum 
(arrow in K). These processes are clearly visible by phase contrast microscopy (arrow in L). Results similar to those shown for cells trans- 
fected with HAC-RADC were obtained for cells transfected with HAN-RADC (see Fig.  10).  Bar, 30 #m. 
Henry et al. Interdependent  Functional Domains of Radixin  1017 Figure  9.  Localization of HA-radixin polypeptides in cleavage furrows of transiently transfected HtTA-1 cells. HtTA-I cells expressing 
HA-radixin constructs were fixed 48 h after transfection and processed for indirect immunofluoreseence by double labeling with mAb 
12CA5 and phalloidin. Cells were examined by confocal microscopy as described in Materials and Methods. Each panel A-D shows the 
phalloidin channel on the left side and m_Ab 12CA5 channel on the right side. HAC-RAD (A) and HAN-RADN (C) localize to the 
F-actin-containing contractile ring, but HAN-RAD (B) and HAN-RADC (D) do not. Bar, 10 #m. 
Because mAb 12CA5 signal intensity made the imaging of 
cleavage furrows and ventral focal planes by conventional 
microscopy difficult, we took optical sections with a confo- 
cal microscope to examine HA-radixin localization in these 
areas.  Fig.  9  shows  cleavage furrows in dividing cells ex- 
pressing HA-radixin constructs stained with mAB  12CA5 
and phalloidin.  These images demonstrate that the HAC- 
RAD polypeptide colocalizes with F-actin throughout the 
contractile ring, but that HAN-RAD cannot be detected in 
this structure. However, unlike the situation in the NIH-3T3 
cell lines, both of the amino-terminal HA-radixin constructs 
localized to cleavage furrows in the transiently transfected 
HtTA-1  cells  (HAN-RADN  is  shown  in  Fig.  9  C).  This 
difference is considered in the Discussion section. However, 
HAN-RADC, although it colocalized with F-actin in other 
regions of the cortex, was detectable in the contractile ring 
(Fig. 9 D); HAC-RAD-C showed similar behavior (data not 
shown).  Thus,  in  HtTA-1 cells  expressing  high  levels of 
HA-radixin constructs, both the full-length molecule and the 
amino-terminal  domain  are  capable  of localizing  to  the 
F-actin-rich cleavage furrow, whereas the same high levels 
of the carboxy-terminal polypeptides were not detectable in 
this structure. 
Unlike their behavior when stably expressed in NIH-3T3 
cells, the transiently expressed amino-terminal polypeptides 
localized  to  cortical  structures  and  the  carboxy-terminal 
polypeptides  induced  the  presence  of abnormal  cortical 
structures in HfrA-1 cells. We think it likely that these differ- 
ences between the stable and transient transfection experi- 
ments are the result of quantitative differences in expression 
level and do not arise from differences  between NIH-3T3 and 
HtTA-1 cells. When we transiently transfected NIH-3T3 ceils 
with HAN-RADC and HAC-RADC under the control of a 
strong/~-actin promoter, we also found in the brightly mAb 
12CA5-staining cells morphological abnormalities resem- 
bling those found in HtTA-1 cells transiently transfected with 
these constructs,  including long,  tapered processes.  NIH- 
3T3 cells transiently expressing the full-length and amino- 
terminal constructs did not show such morphological abnor- 
malities (data not shown). 
At the higher levels of expression facilitated by the tran- 
sient transfection system, none of  the HA-radixin constructs, 
particularly the carboxy-terminal polypeptides, colocalized 
precisely with ventral F-actin filaments (Fig.  10, A and B). 
Instead, expression of the carboxy-terminal polypeptides of- 
ten disrupted normal phalloidin staining in the ventral cyto- 
plasm.  Fig.  11  C  shows  a  cell  expressing  HAN-RADC, 
stained with both anti-HA antibody and phalloidin. The lat- 
ter staining was diffuse or punctate, in contrast with the lin- 
ear elements present in control cells (compare left-hand por- 
tions in Fig.  10, A and C). 
Expression of the carboxy-terminal polypeptides appar- 
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brightly staining with mAb 12CA5 had two or more nuclei 
48 h after transfection (Fig. 11, A-C). We scored the number 
of nuclei per cell in cultures transfected with each of the six 
HA-radixin  constructs  costained  with  mAb  12CA5  and 
DAPI.  The  results  showed  that  the  incidence  of  mul- 
tinucleated  cells  is  much  higher  in  cells  expressing  the 
carboxy-terminal polypeptides than in cells expressing either 
the full-length or the amino-terminal polypeptides (Fig.  11 
D). This result was also confirmed by flow cytometry (data 
not shown). 
Figure 10.  HAN-RADC does not associate  with ventral  cytoplas- 
mic micmfilarnents,  and its expression  can lead to disruption of 
these structures.  HtTA-I cells expressing HAC-RAD (tl) and HAN- 
RADC (B and C) were fixed 48 h after transfection  and processed 
for  indirect  immunofluorescence by double  labeling  with  mAb 
12CA5 and phalloidin.  Cells were examined  by confocal micros- 
copy as described in Materials and Methods. Each panel A-C shows 
the phalloidin  channel on the left side and the mAb 12CA5 channel 
on the right side. Cytoplasmic microfilaments  were evident in ven- 
tral focal planes of cells expressing  HAC-RAD (arrow in left side 
of  A) and in some cells expressing  HAN-RADC (arrow in left side 
of B), but neither of these HA-radixin constructs colocalized with 
these structures (compare left and right panels in A and B). In other 
cells expressing  HAN-RADC (C), these linear F-actin structures 
were disrupted, and phalloidin staining in this region of  the cell was 
diffuse or punctate (arrow in left panel  of C).  Bar,  10 t~m. 
Figure 11.  Expression of the carboxy-terminal HA-radixin con- 
structs  results  in  an  increased  number of multinucleated  cells. 
HtTA-1 cells expressing  HA-radixin constructs were fixed 48 h af- 
ter transfection  and processed for indirect  immunofluorescence  by 
double labeling  with mAb 12CA5 and DAPI. A  cell  expressing 
HAN-RADC is shown in A-C. This raAb 12CA5-positive cell (A) 
has two nuclei that can be seen by DAPI staining (B) and by phase 
contrast (C). Cultures of HtTA-1 cells transfeeted  with each of the 
HA-radixin constructs were scored for rnAb 12CA5 immunoreac- 
tivity and nuclei number (D).  200--400  well-spread,  nondividing 
cells were counted for each construct. The results shown are pooled 
from three independent  transfeetions.  There is a dramatic increase 
in  cultures  expressing  carboxy-terminal  HA-radixin  constructs 
compared with nonexpressing  cells  in the same culture and with 
cells  expressing  either  the  full-length  or  the  amino-terminal 
HA-radixin constructs. Bar,  30/~m. 
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NIH-3T3 cells express each of the ERM proteins, and two 
of them- radixin and moesin- show a typical localization to 
cortical cytoskeletal structures. To identify the elements of 
ERM  sequence  that specify cellular interactions,  we ex- 
pressed  full-length radixin  and  its  amino-  and  carboxy- 
terminal domains in cultured cells,  at both low and high 
levels relative to endogenous radixin. At low levels, the full- 
length protein localized to the appropriate cortical struc- 
tures: ruffling edges, filopodia, and lamellipodia, microvilli, 
and the  cleavage furrow of dividing cells.  The  carboxy- 
terminal polypeptide behaved similarly, with two notable ex- 
ceptions: it did not localize to cleavage furrows, and it local- 
ized abnormally, albeit weakly, to some stress fibers. In cells 
expressing either the full-length or carboxy-terminal poly- 
peptides, the staining of endogenous moesin was substan- 
tially diminished. In contrast, the amino-terminal domain of 
radixin was only diffuse throughout the cell, and its expres- 
sion had no effect on moesin staining. Only when expressed 
at levels significantly higher than the endogenous pool did 
the amino-terminal polypeptide show cortical localization. 
At those levels, the carboxyl domain induced significant dis- 
ruptions  of normal cytoskeletal structures  and functions. 
These results demonstrate that determinants of radixin local- 
ization reside in both the amino- and carboxy-terminal do- 
mains of the protein and that these domains may interact in 
cis to achieve localization. The results also suggest that all 
ERM proteins may have a common intracellular ligand that 
is both essential and limiting for localization. 
Functional Interactions between the Amino- and 
Carboxy-Terminal Domains of Radixin 
Our results suggest that the cellular associations of radixin 
are not the simple sum of  the activities of  the parts of  the mol- 
ecule. A previous study found that both the amino- and the 
carboxy-terminal domains of ezrin associated with cell sur- 
face microvilli, but suggested that correct targeting of that 
protein depends primarily on the amino-terminal sequence 
(Algrain et al., 1993). The discrepancy between that conclu- 
sion and those in this paper may be explained by the effects 
of high level expression in transient systems versus more 
modest levels in the stable transfectants examined here. Both 
amino- and carboxy-terminal domains of radixin do contain 
determinants of localization, but those determinants appar- 
ently can interact with one another in cis to account for the 
properties  of the  full-length molecule.  For  example,  the 
carboxy-terminal polypeptide, unlike the full-length mole- 
cule,  fails to localize to cleavage furrows, binds to stress 
fibers, and at high levels, disrupts normal cytoskeletal struc- 
tures and functions. All of these activities are modified in the 
context of the full-length molecule- that is, when the amino- 
terminal domain is present in cis. Perhaps, then, the amino 
terminus of radixin exerts a regulatory influence over the ac- 
tivities of the carboxyl terminus. Such as interaction might 
explain why extensive efforts to detect a direct interaction be- 
tween F-actin and ezrin in vitro were negative (Bretscher, 
1983),  whereas the isolated carboxy-terminal polypeptide 
can bind (Turunen et al., 1994).  In cells, too, the carboxy- 
terminal polypeptide colocalizes with microfilaments (Al- 
grain et al., 1993; and Fig. 9). There is precedent for such 
intramolecular regulation between domains of a cytoskeletal 
protein. Johnson and Craig (1994,  1995)  demonstrated in 
vitro that such an interaction modulates the binding of talin 
to the amino-terminal domain of vinculin and of F-actin to 
the carboxy-terminal domain. 
Interactions of  Radixin with Cellular Factors 
Necessary for Localization 
Stable expression of the carboxy-terminal tagged full-length 
radixin  molecule largely abolishes  moesin  staining.  The 
simplest interpretation of this result is that radixin and moe- 
sin compete for some common binding partner that is limiting 
for localization to cortical structures. This interacting ele- 
ment may be present at the cortex itself; candidate molecules 
include CD44, which is known to interact with ERM proteins 
(Tsukita et al., 1994).  Alternatively, it could be a cytoplas- 
mic protein with which ERM proteins interact before local- 
ization. For example, ERM proteins might localize as homo- 
or heterooligomeric complexes (Gary and Bretscher,  1993; 
Andreoli  et  al.,  1994).  Overexpression  of radixin  could 
compete with other ERM proteins for participation in such 
complexes. 
The carboxy-terminal domain of radixin localizes to corti- 
cal structures and, even at levels less than 20% those of en- 
dogenous radixin, substantially diminishes moesin staining 
in cortical structures. This behavior, too, can be explained 
by competition for a common and necessary binding partner, 
but also requires that the relative stoichiometry of that part- 
ner compared with total ERM proteins is quite small. In ad- 
dition, either the affinity  of the carboxy-terminal polypeptide 
for the partner is considerably greater than that of full-length 
ERM proteins-again, suggestive of intramolecular regula- 
tion of the interactions of isolated domains-or the pool of 
endogenous ERM proteins competent to interact with the 
partner is only a small fraction of the total complement. 
Interchangeability  of ERM Proteins 
in NIH-3T3 Cells? 
The displacement of moesin by exogenously expressed ra- 
dixin occurs without any apparent phenotype. This indicates 
that the tagged version of radixin can substitute for endoge- 
nous moesin without seriously disrupting cellular functions 
such as spreading or cytokinesis. That two ERM proteins, 
which are 75 % identical, are interchangeable at cortical lo- 
calization sites supports the notion that these proteins may 
be functionally redundant. Takeuchi et al. (1994) report that 
antisense inhibition of either ezrin or radixin expression can 
have phenotypes different from inhibition of moesin expres- 
sion. Such a phenotypic difference can arise from qualitative 
differences among the three proteins, but functionally inter- 
changeable elements can give different null phenotypes for 
quantitative reasons as well (Schatz et al.,  1986). 
Consequences of High Level Expression  of the 
Carboxy-Terminal Domain of  Radixin 
High level  expression of the carboxy-terminal domain has 
several negative consequences for cells: it induces the forma- 
tion of long processes  all  over the  surface of the  cell- 
processes unlike normal cortical extensions such as filopodia 
or microvilli; it disrupts ventral F-actin filaments; and it in- 
terferes with cytokinesis even though the polypeptide itself 
is  not  found in  cleavage  furrows.  These  phenotypes  are 
The Journal of Cell Biology, Volume  129, 1995  1020 not the  simple  consequence of overexpressing  any  actin- 
associated protein.  For example,  the carboxy-terminal  do- 
main of caldesmon, transiently expressed in CHO cells, as- 
sociates  with  and  stabilizes  F-actin,  but does  not induce 
cortical  processes (Warren et al.,  1994). It is possible that 
the long processes induced by high levels of this radixin do- 
main sequester a substantial fraction of components required 
to form F-actin and so indirectly affect cytokinesis.  Indeed, 
the phenotype observed here in NIH-3T3 cells may reflect 
generalizable  interactions of ERM carboxyl domains. Over- 
expression of the carboxy-terminal domain of the Drosophila 
melanogaster moesin homologue in fission yeast produces 
irregularly shaped and multinucleated cells (Edwards et al., 
1994). If the carboxy-termini of ERM proteins are centrally 
involved in the organization of the cytoskeleton at particular 
cortical sites, perhaps modulating membrane protrusive ac- 
tivity at those sites,  then the overexpression  of this domain 
could lead to the observed morphological phenotypes. 
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Note Added in Proof" While this manuscript was in press, Martin et al. (J. 
Cell Biol.  128:1081-1093) reported that the amino-terminal domain of ezrin 
inhibits in trans the cell extension activity of the carboxy-terminal domain 
in moth ovary cells. We do not detect such a trans-acting  effect of the do- 
mains of radixin in cultured mammalian cells. 
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